Abstract: Windcatcher as an architectural element is a passive cooling design to improve indoor thermal comfort without energy consumption. The performance and energy saving potential of using a windcatcher system in China are evaluated through EnergyPlus simulation of an office building installed with commercial windcatchers. The simulation results for the climate condition in Beijing indicate that the peak indoor temperature can be reduced by more than 2
INTRODUCTION
Natural ventilation takes advantages of natural force of wind pressure and stack effect caused by temperature difference, to move fresh air through buildings. It is considered that proper natural ventilation is a key factor for any building because it plays a significant role in supplying adequate fresh air as well as maintaining thermal comfort for the occupants without consuming non-renewable energy.
Performance of natural ventilation may be enhanced by certain novel strategies, such as applying a windcatcher, which is a traditional device still being used in modern buildings to induce natural ventilation (Elzaidabi 2008) . The windcatcher is similar to the traditional wind tower in terms of their functions and mainly used in Middle East and other arid climate regions to conquer the severe conditions (Mohsen 2011) . Owing to its natural ventilation capacity, the windcatcher becomes more and more popular all over the world especially in mild and temperate climates where free cooling can also be utilized to combat overheating in buildings. As a development of natural ventilation technology, the modern windcatcher has improved considerably in many aspects.
As is presented by Monodraught (2011) , the common structure of a windcatcher is cubic, with louvers placed at the external entrance. This weatherproof construction is able to prevent the interior of building from rain, snow and other adverse weather conditions. Four quadrants are set inside using thin diagonal dividers to make the windcatcher openings either windward to induce a flow of fresh air into the building or leeward to exhaust air according to the wind direction and the pressure distribution around the structure. It is worthwhile to mention that the airflow through a windcatcher is controlled by a volume control damper and egg crate grill at ceiling level, which can be operated both manually *Corresponding author. Email: yuehong.su@nottingham.ac.uk and automatically based on temperature or CO 2 level. The damper will be closed in cold months to protect the interior of a building from ingress of cold air and escape of warm room air to avoid wastage of energy. Moreover, as is presented by Building Research Establishment (BRE), a windcatcher system performs better at attenuating noise compared to open windows. In addition, combined with 25mm of acoustic lining used on quadrants, the total noise transmission can be reduced by 26dB as claimed by Monodraught (2011) .
A number of researchers and engineers have carried out performance evaluation of windcatchers and much valuable results are available. Elmualim (2006a) assessed the performance of a commercial 500 mm 2 windcatcher with the height of 1m in terms of four methods, including wind tunnel experiment, Computational Fluid Dynamics (CFD) technology as well as explicit and AIDA (Air Infiltration Development Algorithm) implicit model (a single zone iterative calculation procedure written in QBasic language using envelope flow theory). After that, a similar study was carried out only using CFD technology by Li and Mak (2007) . Some general conclusions are obtained in these two research papers, although various methods and windcatcher types are used respectively. It can be concluded that a windcatcher's performance is highly sensitive to wind speed. The linear relationship between wind speed and airflow rate was demonstrated. The airflow rate increased with the wind speed, but the airflow rate did not always decrease with the wind incident angle changing from 0
• to 45 • . A more detailed study aiming to assess the effect of damper was conducted again by Elmualim (2006b) using wind tunnel and CFD software. The results indicated that both the supply airflow and extract airflow through windcatcher can be controlled by damper and egg crate grille. Further research, completed by Hughes and Abdul Ghani (2009) using CFD code showed an optimum operating range between 45
• and 55
• . Elmualim (2006b) also investigated the influence of a heat source by placing a 3kW heater in the test room. The results indicated that the heat source enabled the flow rate to be increased especially at lower wind speed. This could only be explained by the domination of stack effect over wind pressure. Jones and Kirby (2009) conducted a further research to investigate the interaction between stack effect and wind as driving force for the windcatcher. A critical wind speed of around 2m/s was found, below which stack effect would dominate the performance.
Apart from these, Khan et al. (2011) pointed out that the windcatcher system has been widely used as "free air-conditioning" in the UK, most especially in schools. Researchers had found that they were able to comply with building regulations in terms of meeting ventilation requirement and combating overheating in summer. Their report concerning a school in the UK using TAS, a commercial Thermal Analysis Simulation software developed by Environmental Design Solutions Limited (EDSL), presented that the windcatcher only can pass the requirement in Building Bulletin 101 (BB101): Ventilation of School Buildings by satisfying 2/3 tests. The results by Jones et al. (2008) indicated that the windcatcher is helpful to cool the classroom by 1.5
• C and the peak indoor temperature is approximately 3
• C lower than the peak external temperature. Another test of windcatcher performance in a council office in Kings Hill, UK was conducted by Kirk (2002) . It was found that the indoor temperature was cooled by up to 4
• C through night cooling and utilizing the thermal mass of the building. Recently, Huynh (2010) pointed out that good performance of windcatcher was also obtained in Sydney for maintaining indoor thermal comfort and providing adequate fresh airflow for ventilation.
The windcatcher system has been widely used in the UK and is rapidly expanding overseas in different building types including schools, offices, sports halls, hospitals as well as retail stores. However, the application of windcatcher in China has just started. This paper, with the help of EnergyPlus software, will investigate the performance of windcatcher in terms of mitigating overheating, providing ventilation as well as saving energy for different climate regions in China.
The previous work provides this study with sufficient theoretical basis and strategy solutions.
METHODOLOGY

Modelling Windcatcher in EnergyPlus
OpenStudio as a plug-in software to EnergyPlus was used to create the geometry model of a windcatcher. Figure 1 shows the dimensions of the windcatcher used in this study. In order to simulate the windcatcher system in EnergyPlus, it is necessary to consider each quadrant of the windcatcher as a separate thermal zone, thus there are four thermal zones to represent a windcatcher unit. Each side of the unit has an opening area to allow airflow through the windcatcher unit and these opening areas were characterized as a window using "AirflowNetwork: MultiZone: Component: DetailedOpening" in EnergyPlus. To model the effect of external louvers (1000mm×35mm) on airflow rate, the effective opening area was determined by modulating opening factor which is the ratio of effective opening area to window area. According to the work by Elmualim (2006a) , the opening factor of 0.44 was used. The internal openings of the windcatcher provide an access to allow airflow entering the room and were described using "AirflowNetwork: MultiZone: Component: HorizontalOpening" in Energyplus according to Zhai et al. (2011) .
The Airflow Network model contained in EnergyPlus provides an ability to simulate multizone airflows driven by wind. Simulation of a windcatcher is mainly controlled by three inputs, i.e., "Ventilation Control Mode", "Ventilation Control Zone Temperature Setpoint Schedule" and "Venting Availability Schedule" in "AirflowNetwork: MultiZone: Zone". Combination of the first two inputs provides an analogous automatic control of the windcatcher openings according to the room and outdoor temperatures. In this study, the temperature setpoint was chosen as 20
• C. This means that the windcatcher will allow natural ventilation when the room temperature is higher than both the outdoor temperature and 20
• C when venting is allowed as defined by the "Venting Availability Schedule". Karava et al. (2004) pointed out that the orifice equation below, which came from Bernoulli's equation for steady incompressible flow, is the most widely used method to predict airflow through an opening.
Determine the Discharge Coefficient
where Q is the airflow rate (m 3 /s); A is the area of opening (m 2 ); ∆P is the pressure difference across the opening (Pa); ρ is the air density (kg/m 3 ); and C d is the discharge coefficient. As shown in Eq. (1), the measured values of the airflow rate and the pressure difference can be used to determine the discharge coefficient. A method of investigating pressure loss and airflow rate has been reported by Khan et al. (2011) . The individual discharge coefficient of each component such as the external louvers and the volume control damper should be combined to determine the total discharge coefficient of the windcatcher unit. A nominal total discharge coefficient was found as 0.4 (Khan et al. 2011 ) and this value was assigned to the four external openings of the windcatcher unit while the discharge coefficient of 1 was used for its bottom openings because 0.4 is already the discharge coefficient for the whole unit.
Validation
Before applying the windcatcher natural ventilation system (WNVS) to a real building and performing full simulations in specified climate conditions, it is of great importance to run test simulations first to check whether the model is able to reflect the property of a real windcatcher unit. The results of airflow rates at 0
• wind direction were validated against the published data by Elmualim (2006a) . For the purpose of comparison, the literature data were modulated according to the values of the discharge coefficient and opening area as shown in Eq. (1).
As is shown in Figure 2 , both the entering airflow rate and extract airflow rate increase with wind speed. Also, it is clear that the entering flow rate is basically equal to extract flow rate, which suggests that flow rate conservation is maintained. The variation trend of airflow rate generally agrees with the literature data. This indicates that the results of test simulations are generally consistent with the previous research. Furthermore, Figure 3 illustrates the variation of airflow rate under different discharge coefficients. Obviously, higher discharge coefficient produces higher airflow rate due to the less friction and resistance to flow and vice versa. In short, the results in Figure 3 indicate that the value of airflow rate is sensitive to the discharge Figure 2 . Variation of airflow rate with wind speed Figure 3 . Sensitivity of discharge coefficient coefficient in the model, particularly at higher wind speed. If there was a 10% error in the measured discharge coefficient, a similar value of percentage error could be contained in the simulated airflow rate.
EVALUATION OF WINDCATCHER PERFORMANCE IN BEIJING
Simulation of an Office Building with Installed Windcatchers
The simulation began with a real two-storey office building constructed in Beijing. As is shown in Figure 4 , the office area on the top floor is ventilated by eight windcatchers and the focus was put on the main occupied open office area in this study. The EnergyPlus weather data for Beijing was employed and the occupied time of this building is from 8am -5pm on Monday to Friday and from 9am -3pm on Saturday. For Sundays and the public holidays, it was assumed that the windcatchers are not used. The indoor heat gains from lights and equipment were assumed to be 15W/m 2 and 10W/m 2 respectively. According to the real situation, the occupant density was defined as 4m
2 /person and the occupant activity level was 117W/person. The property of construction is showed in Table 1 . Similar to the description of windcatchers, the windows and doors of the building were characterized in "AirflowNetwork: MultiZone: Component: DetailedOpening" and "AirflowNetwork: MultiZone: Surface". Both opening factor and the discharge coefficient were set as 0.5. The temperature setpoint was also chosen to be 20
• C. In addition, the basic run parameters for this model need to be defined in "AirflowNetwork: SimulationControl". In the field of "AirflowNetwork: Control", "MultizoneWithoutDistribution" was selected to simulate multizone airflows driven by wind. For the field of "Wind Pressure Coefficient Type", "SurfaceAverageCalculation" was chosen, in which EnergyPlus calculates the surface-averaged wind pressure coefficient according to wind direction and building configuration and orientation.
Results and Discussions
The chosen simulation period is from April to October during which the windcatcher system is suitable for use. It is also necessary to mention that Beijing has a hot summer and the average wind speed of 2.26m/s during the simulation period. However, the wind speed in July and October is lower than 2m/s, and this may affect the effectiveness of the windcatcher system. Three hottest weeks were chosen from May (1 st -6 th ), July (17 th -22 nd ) and September (4 th -9 th ) respectively to illustrate the performance of windcatchers in spring, summer and autumn.
Overheating Analysis
The indoor air temperature is considered as a crucial parameter to assess indoor thermal comfort. According to JGJ 67-2006 Design Code for Office Building in China, the optimum comfort temperature ranges from 26
• C to 28
• C in the summer time. From the perspective of saving energy, the indoor temperature just needs to be maintained below 28
• C in China. Figure 5 displays the variation of temperature in the open office room on the first floor during occupied time in a summer week. In general, it was found that the windcatcher system is helpful to cool the office room and it can performe better when it is combined with top-hung windows for night cooling. The peak indoor temperature is reduced by 2.1
• C after applying windcatchers and the average indoor temperature is also decreased from 32.8
• C to 31.3 • C. There are three hours during which the room temperature is below 28
• C when windcatchers are used. It is also apparent that the windcatchers make great contribution to cool the room by providing secure night cooling during unoccupied time and then lower indoor temperatures can be obtained in the next morning. The indoor temperature in the first occupied hour in the next morning is on average reduced by 4.2
• C and the peak temperature is postponed approximately one to two hours. Furthermore, Figure 7 . Plot of temperatures in September for the climate condition in Beijing when combining with openable top-hung windows at night, the performance of the windcatcher is enhanced. Both the peak temperature and average indoor temperature are further reduced and there are nine hours during which the room temperature is below 28
• C. Even though, it is still important to point out that the windcatcher system is likely not effective enough to conquer overheating although it can help with temperature reduction. The results indicate that for only 4.7% of the occupied hours natural ventilation can meet the thermal comfort demand. Considering the average wind speed of 1.87m/s in July, the lower wind speed should be responsible for the results and windcatcher may be dominated by stack effect in this situation.
Likewise, the windcatcher system may produce more positive impact on reducing peak indoor temperature in the mild season such as in May and September, as presented in Figures 6 and 7 , the number of cumulative hours during which the indoor temperature can be kept below 28
• C is increased from 44 to 52 hours in May with windcatcher only, and from 29 to 35 hours in September. Moreover, with the help of windcatchers, the indoor temperature in more than 50% of occupied hours is below 28
• C and there are 3 more hours with the room temperature below 28
• C with the assistance of openable top-hung windows. Table 2 is the summary of windcatcher performance of mitigating overheating during the occupied time from April to October. The windcatcher system plays an important role in reducing temperature during this time. Basically, both peak and average indoor temperatures are reduced by around 2
• C. Furthermore, the number of cumulative hours during which indoor temperature can be maintained below 28
• C is also increased in each month and there are a total of 138 hours increased as a result of using windcatchers. It is interesting that with the help of windcatchers, natural ventilation is able to obtain indoor thermal comfort for the whole occupied hours in October. Detailed analysis demonstrates that the cumulative hours with temperature below 28
• C is increased by 10.5%, 5.9% and 8.5% in spring, summer and autumn respectively. It can be concluded that performance of windcatcher is limited to some degree in the hot summer with lower wind speed in Beijing as explained before. Combination with the openable top-hung windows is an effective method to boost the performance of windcatchers. By using top-hung windows, indoor temperature is further reduced and another 105 hours are increased to meet the thermal comfort, which doubles the effect of windcatchers.
Ventilation Analysis
As is presented in JGJ 67-2006 Design Code for Office Building in China, the fresh air requirement per person should be maintained 20 -30m
3 /h where 30m 3 /h is the purge ventilation rate. The simulation results were analysed against this requirement, with a focus on the situation that only the windcatchers are used as the primary ventilation source (i.e., the windows are closed). It was found that there are 865 hours during which the windcatcher system can meet the basic ventilation requirement, counting 50% of total occupied hours (1,739 hours) from April to October. However, only 485 occupied hours are able to meet the purge demand, which is approximately half of the total time for the basic ventilation requirement. It can be found from the Figure 8 that the performance of windcatchers is considerably impacted by the external wind speed. The higher the external wind speed is, the better the performance will be. To be more specific, the detailed monthly results indicate that the best performance is obtained in May during which 164 hours can meet the basic ventilation requirement and 97 hours can reach the purge criterion. In addition, desirable results also can be obtained in June with 144 hours achieving basic demand and 99 hours reaching purge level, followed by April which has 118 hours meeting basic requirement and 80 hours meeting purge requirement respectively. External wind speeds in these three months are around 2.5m/s thus better performance is obtained. 
Cumulating hours (h)  182  335  596  372  150  55  69 On the contrary, the worst situation occurs in October and July because average external wind speed are lower than 2m/s. Further research was carried out to investigate the relationship between external wind speed and ventilation requirement. The findings indicate that the purge ventilation criterion as well as basic ventilation requirement can be achieved when wind speeds are around 3m/s and 2m/s respectively. Table 3 presents the external wind speed distribution during simulation period. It is easy to calculate that there are only 646 hours with wind speed over 3m/s, counting 37% of total occupied time. By considering the effect of wind direction, it is acceptable that only 28% of occupied time is able to maintain the purge ventilation rate during the simulation period. Similarly, due to 1,242 hours with wind speed higher than 2m/s, more cumulating hours are obtained to meet basic ventilation requirement.
Use of openable top-hung windows in combination with windcatchers can produce cross ventilation, enhancing the performance of windcatchers. According to the simulation results shown in Figure 8 , the cumulative hours which are able to achieve the purge ventilation demand is significantly increased from 485 to 1,594, which makes approximately 92% of occupied time meet the criterion. Also, there is only a small difference in the accumulative hours between the basic ventilation requirement and the purge demand. These results support the previous findings that openable tophung window makes crucial contribution to boosting windcatcher performance. With using top-hung windows, a healthier indoor air quality can be maintained in almost all occupied time.
Energy Consumption Analysis
Use of windcatchers is also helpful to lower coolingrelated energy consumption due to the temperature reduction caused by natural ventilation. GB 50189-2005 Design Standard for Energy Efficiency of Public Buildings suggests that 5% electricity consumption in air-conditioning can be reduced with the design temperature being increased by 1
• C. The summer design temperature may range from 26
• C according to JGJ 67-2006 Design Code for Office Building in China. It was assumed in simulation that the building would be cooled by an air-conditioning system if the indoor temperature cannot be maintained below 28
• C by natural ventilation. "ZoneHVAC: IdealLoadsAirSystem" method in EnergyPlus was chosen to determine cooling load of the simulated office. Figure 9 gives the simulated cooling loads for three different situations. The basic scenario is for opening windows only Figure 9 . Cooling load distribution for the climate condition in Beijing during the occupied hours. In the second scenario, the windcatchers were used all day to improve natural ventilation. The third scenario is to use top-hung windows to assist windcatchers at night. It was found that the total cooling load could be reduced from 23,939kW h to 19,772kW h after using windcatchers and further to 16,632kW h when top-hung windows are also used. Thus 17% cooling load is saved when using windcatchers and this effect is approximately doubled by also using top-hung windows at night. With use of windcatchers and top-hung windows at night, the thermal mass of the building fabrics is cooled using cooler outdoor air. This means that in the next morning, the building fabric can absorb more heat gains and consequently contribute to reducing indoor temperature and cooling load as well.
EVALUATION OF WINDCATCHER PERFORMANCE IN OTHER CLIMATE REGIONS IN CHINA
Owing to the vast territory, climate is quite distinctive in different regions of China which may lead to very different performances of windcatchers. In order to evaluate the effect of windcatcher system in different climate conditions, the simulated office building was assumed to be settled in other six cities (Harbin, Urumqi, Shanghai, Chongqing, Kunming and Guangzhou) with typical climate conditions. Table 4 lists the general weather data in these cities. As is shown in Table 4 , Harbin has the highest wind speed of about 4.42m/s, followed by Shanghai with 3.45m/s. On the contrary, wind speed in Chongqing and Guangzhou are both lower than 2m/s. Kunming and Urumqi have similar wind speeds around 2.7m/s. Shanghai, Chongqing and Guangzhou also have hot summer compared with the other three cities where the average summer temperature is below 25
• C. There is no obvious temperature change through all year in Kunming and the average temperature is around 20
• C. In addition, according to EnergyPlus weather data, Kunming has the largest diurnal temperature swing between daytime and night.
Ventilation Analysis
Simulation results of ventilation rate in seven cities including Beijing are presented in Table 5 . The windcatcher system performs more efficient in Harbin, Kunming and Shanghai compared with other cities. Among this, Harbin obtains up to 1,220 cumulating hours during which purge ventilation demand is met, followed by Shanghai which has 954 hours and Kunming with 695 hours. On the contrary, the worst situation occurs in Guangzhou where only 183 hours are able to meet the demand. As discussed above, a windcatcher is highly sensitive to wind speed. In other words, its performance is predominantly influenced by wind speed. Therefore , it is reasonable to obtain better performance in Harbin, Shanghai and Kunming due to the higher wind speed in these cities, especially in Harbin. It is also worth mentioning that because of the lower wind speed in Guangzhou, the windcatcher performance is dominated by stack effect which is driven by temperature differences. However, due to the hot weather, the indoor and outdoor temperature difference in Guangzhou is narrow, therefore stack effect is restrained and the windcatcher system does not play a significant role as expected. Moreover, there are four cities, i.e., Harbin, Shanghai, Kunming, and Urumqi, which can achieve the basic ventilation requirement for Table 6 shows the cooling load of the simulated office in the selected cities. A remarkable percentage decrease in the cooling load is obtained in Kunming, Harbin and Urumqi after using windcatchers. Approximately 78%, 47% and 41% of cooling load is saved respectively when windcatchers together with top-hung windows are used. First, it is reasonable to gain this result in Kunming due to its moderate climate as well as larger diurnal temperature difference between daytime and night. During the daytime, the windcatcher system provides cool airflow to the office, and at night fresh air with lower temperature is ventilated to precool the office so that the cooling load could be reduced. For Harbin where wind speed and air temperature are higher than in Kunming, the windcatcher system does not perform as well as in Kunming in terms of reducing cooling load, although it can achieve higher ventilation rates. On the contrary, unsatisfactory performance of windcatchers is found for Guangzhou, Chongqing and Shanghai. Among this, Guangzhou is proved again to have the worst situation for windcatcher applications. As mentioned above, the windcatcher performance is restrained in Guangzhou and Chongqin due to the lower wind speed and higher air temperature. Therefore it is reasonable that approximately only 8% and 15% cooling energy can be reduced respectively. Although the windcatcher system makes great contribution to provide adequate ventilation rates, warmer fresh airflow is not helpful to cool indoor spaces, and thus less than 15% cooling energy is saved in Shanghai. Similarly, there is no doubt that top-hung windows also significantly enhance the effect of windcatchers for reducing cooling load.
Energy Saving Analysis
However, it is essential to evaluate the suitability of windcatchers by considering both the percentage and total energy savings and ventilation requirement as well. In terms of percentage energy saving, it can be concluded that Kunming, Harbin and Urumqi are the most suitable cities for windcatcher applications, compared to the other cities. But, due to the outstanding performance of providing adequate ventilation and the desirable total energy saving, windcatchers appear also suitable for other cities, particularly when top-hung windows are also used.
ECONOMIC ANALYSIS
As is discussed in the previous section, the windcatcher system can make a great contribution to saving energy due to cutting down the hours of using air-conditioning in summer. Therefore, from the economic perspective, it is also helpful to save the running cost of airconditioning systems in the building. Table 7 displays different prices of electricity used in office buildings in the selected cities according to the different level of development.
On the basis of energy saving analysis, a simple economic analysis was also conducted to investigate the economical benefit of windcatcher applications. The COP (coefficient of performance) of air-conditioning was assumed to be 2.5. Dividing the annual energy saving values in Table 6 by 2.5 gave the reduction in electricity consumption, which was then multiplied by the electricity price to give the reduction in running cost. From Figure 10 , it is apparent that up to 3,490 CNY (Chinese yuan) could be saved in the annual electricity cost in Beijing if the windcatcher system together with top-hung windows was employed, followed by Chongqing and Guangzhou where around 2,700 CNY could be saved per annum. Moreover, approximately 2,126 CNY is reduced in Shanghai, however, only around 1,300 CNY could be saved in Harbin and Urumqi. Assuming that the cost of one windcatcher is 1,500 CNY, thus the overall cost of eight windcatchers on the simulated office building will be 12,000 CNY. Therefore, the cost of the windcatcher system will be recovered in 3-4 years in Beijing, making it the most economically suitable city for windcatcher applications. Moreover, 4-5 years of payback period is needed for Chongqing and Guangzhou, 5-6 years for Shanghai and 7-8 years for Kunming. On the contrary, more than nine years are needed in Harbin and Urumqi to recover the cost. This may be due to the lower electricity price and also lower total energy saving in Harbin and Urumqi, however, it is still worthwhile to use windcatchers there considering its impact on environment and energy saving in the long term.
CONCLUSIONS
This study has presented the use of well-known EnergyPlus software to evaluate the performance and energy saving potential of the windcatcher system in an office building in China. The simulated airflow rate of a commercial windcatcher has been compared with the published testing data and a satisfactory agreement has been found. In general, the simulation results indicate that the use of windcatcher is helpful to maintain indoor thermal comfort and to reduce cooling-related energy consumption.
The detailed simulation results for the climate condition in Beijing show that a reduction of about 2
• C in the indoor temperature can be obtained if windcatchers are used along with windows. Moreover, for approximately 50% of occupied time the windcatcher system is able to meet the basic ventilation requirement for the office and 28% of occupied time achieves the purge rate. Energy saving potential of the windcatcher system has been also evaluated in this study. 17% of cooling load could be reduced after applying windcatchers, and this could be raised up to 31% in case of employing openable top-hung windows along with windcatchers. Further simulation has been carried out to estimate the feasibility of using windcatchers in other climate regions in China and the results indicate that the windcatcher system in Harbin produces the best performance of providing adequate ventilation rate, followed by Shanghai and Kunming. Furthermore, the windcatcher system in Kunming obtains an outstanding result in saving energy where 78% of cooling load could be reduced. There are more than 47% and 41% of cooling load could be saved in Harbin and Urumqi respectively. However, from the economic perspective, Beijing is considered as the most cost effective city for windcatcher applications because of the shortest payback period, followed by Guangzhou and Chongqing. Use of openable top-hung windows along with windcatchers would lead to larger energy saving and economic benefit.
